are the glycoprotein (G), the matrix protein (M), the nucleoprotein (N) and two minor proteins (L and NS). VSV also has a virion-associated RNA polymerase (nucleosidetriphosphate:RNA nucleotidyltransferase, EC 2.7.7.6) which can synthesize RNA complementary to the viral genome in vitro (6, 7). The in vitro RNA products have molecular weights ranging from 0.2 to 1 X 106 (8) and are polyadenylylated (9,
10).
Polysomes from VSV-infected cells contain two size classes of virus-specific mRNA (11, 12) : 12-18S RNAs, which are similar in size to the in vitro transcriptase product, and 28S RNA. The latter class is not found in the in vitro product RNA (8, 13) . Morrison et al. (14) have been able to translate polysomal mRNA isolated from VSV-infected cells into virus-like proteins in cell-free extracts of eukaryotic origin. The 12-18S RNA directed the synthesis of proteins co-migrating on polyacrylamide gels with the viral N, NS, and M proteins, and the 28S RNA coded for the L protein. No unequivocal evidence for the synthesis of the viral G protein was presented by these authors.
While this work was in progress it was shown by Both et al. (15) that the 12-18S RNA synthesized in vitro can function as mRNA. In cell-free extracts of wheat embryos, this RNA directed the synthesis of proteins similar to the viral N, NS, and M proteins and possibly a nonglycosylated G protein precursor. Both et al. (15) also separated the 12-18S RNA on sucrose gradients into fractions with different coding capacity, suggesting that the in vitro RNA consists of several monocistronic mRNAs each of which can code for an individual protein.
In this publication we report the translation of VSV in vitro mRNA in cell-free extracts from wheat embryos (confirming the results of Both et al., ref. 15) , Krebs II ascites cells, and rabbit reticulocytes. We also show that the transcription and translation processes can be coupled in one in vitro system by adding VSV ribonucleoprotein cores directly to cell-free protein synthesizing systems. The proteins synthesized under direction of purified VSV in vitro mRNA as well as in the coupled transcription-translation system are mainly the viral N, NS, and M proteins, and several imidentified bands, including small amounts of a possible precursor of the viral G protein. These proteins represent only about 50% of the genetic information of the virus. Although transcripts of the residual 50% can be detected by hybridization in the in vitro synthesized mRNA, no detectable amounts of the viral L protein are synthesized in the different cell-free systems.
MATERIALS AND METHODS Cells and Virus. The Indiana serotype of VSV was grown in BHK 21 (baby hamster kidney) cells and purified by sucrose gradient centrifugation and subsequent potassium tartrate gradient centrifugation, as described elsewhere (16 (17) and purified by sucrose gradient centrifugation (18) .
Cell-Free Protein Synthesis. The protein synthesizing systems used in these experiments were prepared from Krebs II ascites cells and rabbit reticulocytes as described before (18) , and from wheat embryos by modifications of procedures described by others (19) (20) (21) . The Krebs II ascites system was supplemented with initiation factors prepared from rabbit reticulocytes or rat liver by a modification of previously described methods (18, 22 (24) . Electrophoresis was at 10 mA for 4 hr, and the gels were stained, destained, and dried in vacuo. Autoradiograms were obtained by exposure to Kodak RP Royal X-Omat medical x-ray film for the times indicated in the figure legends.
RNA-RNA Hybridization. Annealing reactions were carried out in sealed glass capillaries at 70°for 20 hr as described elsewhere (16) (2) and with (3) addition of VSV in vitro mRNA, proteins synthesized in the rabbit reticulocyte extract without (4) and with (5) VSV in vitro mRNA, and proteins synthesized in the wheat embryo extract without (6) and with (7) VSV in vitro mRNA. The autoradiograms shown in slots 1-7 were exposed for 2 days. Slot 8 shows the same in vitro product as slot 7, but exposed for 10 days. The position of the putative G protein precursor is indicated by the dotted arrows. This band was not seen in the control (without mRNA) exposed for 10 days. Globin, the main endogenous product of the reticulocyte system, runs off the gels under these conditions of electrophoresis. Fig. 1 shows that VSV mRNA synthesized in vitro principally directed, in all three cell-free systems, the synthesis of three of the five viral proteins (the NS, N, and M proteins), and a reproducible pattern of proteins not corresponding in size to any of the major viral proteins. The relative proportions of the different proteins synthesized in vitro were similar in the three cell-free extracts, except that the NS protein was synthesized less efficiently in the wheat embryo extract (Fig. 1, compare (Fig. 1, slots 1 and 8 ). This protein has tentatively been idenProc. Nat. Acad. Sci. USA 72 (1975) ing to Blatti et al. (23) . Coupled in vitro transcription-translation system VSV ribonucleoprotein cores in the presence of cell-free protein synthesizing extracts of Krebs II ascites cells or wheat embryos were active in RNA synthesis by the virion-associated RNA polymerase for at least 3 hr (Fig. 2a) . The newly synthesized RNA was used as mRNA by these extracts and translated into trichloroacetic-acid-precipitable proteins (Fig. 2b) . We usually observed a slight stimulation of transcriptase activity by the cell-free extracts, possibly due to a stabilization of the ribonucleoprotein cores. Sucrose gradient analysis of the product RNA synthesized in the presence of the wheat embryo extract revealed that it was similar in size (10-18 S) to that synthesized by VSV cores alone or detergent activated virus; however, in the presence of the Krebs II ascites extract almost all of the synthesized mRNA was found to be of smaller size (about 5 (Fig. 2b) . Similarly, purified VSV virion RNA did not stimulate amino-acid incorporation (not shown).
RESULTS

Translation
The kinetics of in vitro protein synthesis in response to transcribing VSV ribonucleoprotein cores showed striking differences when compared with the translation of either globin mRNA or purified VSV in vitro mRNA (Fig. 3) . The rate of protein synthesis in response to added mRNA was usually linear for 30-45 min and then gradually declined. In contrast, under coupled conditions there was an initial lag phase of [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] min, followed by linear rates of protein synthesis for up to 2.5 hr. These results were repeatedly observed in the wheat embryo extract (Fig. Sb) . Similar kinetics were observed in the Krebs II ascites extract, although in this system the initial lag phase was less pronounced and the rate of protein synthesis declined after 1-1.5 hr (Fig. Sa) . The rabbit reticulocyte extract was not used for the coupled in vitro transcription-translation reaction.
An analysis by gel electrophoresis of the proteins synthesized in vitro in the coupled transcription-translation systems revealed (Fig. 4) that the transcribing ribonucleoprotein cores directed the synthesis of the same proteins in similar relative proportions as the purified VSV in vitro mRNA (compare Fig. 1 ), namely the viral NS, N, and M proteins, small amounts of the putative G protein precursor (Fig. 4,  slot 7) , and a very similar pattern of proteins not corresponding in size to the major viral proteins. Moreover, the ratio of the different newly synthesized viral proteins was identical after short incubation times (30 min, Fig. 4, slot 5 ) and longer incubation times (60-150 min, Fig. 4, slot 6 (Fig. 4, slot 7) . DISCUSSION The results presented in this paper show that VSV ribonucleoprotein cores when added directly to protein synthesizing systems of eukaryotic origin are an excellent generating source of functional viral mRNA which is effectively translated into proteins (Figs. 2 and 3) . It has been shown (7) that under in vitro conditions the transcription of the entire VSV genome is complete after 50-60 min. In our experiments mRNA synthesis was linear for at least 3 hr (Fig. 2a) . This apparently complete transcription of the virus genome has been verified by hybridization studies (Table 1) showing that the entire VSV genome was transcribed under the conditions employed in these experiments. Since protein synthesis in the coupled systems was linear for at least 1 hr and as long as 2.5 hr (Fig. 3) (1), proteins synthesized in the wheat embryo system without (2) and with (3) addition of VSV ribonucleoprotein cores, proteins synthesized in the Krebs II ascites system without (4) and with addition of VSV ribonucleoprotein cores after 30 min (5) and 150 min (6) of coupled mRNA and protein synthesis. The autoradiograms shown in slots 1-6 were exposed for 2 days. Slot-7 shows the product after 3 hr of coupled in vitro mRNA and protein synthesis in the wheat embryo system (compare Fig. 3b ). This autoradiogram was exposed for 10 days to show the presence of the putative G protein precursor (dotted arrows) and the absence of detectable amounts of the L protein.
viral protein, the unglycosylated precursor of the viral G protein (Fig. 4) . The same result was obtained when VSV mRNA was transcribed in vitro for three hr and translated after purification (Fig. 1) . The G, NS, N, and M proteins together represent about 50% of the genetic information of the virus, the rest being required to code for the L protein (molecular weight 1.5 to 1.9 X 105, refs. 5 and 25). Since transcripts representing 100% of the viral genome were present in the in vitro mRNA (Table 1) , the absence of the L protein in the in vitro protein product (Figs. 1 and 4) indicates that the L protein mRNA was transcribed but not translated in the cell-free systems. This is most likely due to a degradation of the L protein mRNA, since no detectable quantities of full-size 28S mRNA were present in the in vitro transcription product (compare above). It cannot be ruled out, however, that small amounts of full-size 28S mRNA were synthesized in the in vitro systems, but not translated as efficiently as the other viral mRNA species, thus reflecting a possible translational control of VSV-specific protein synthesis. Consistent with this possibility is the fact that the viral L protein is present in infected cells in a much lower molar concentration than the other viral proteins (refs. 4 and 27, and compare the marker proteins in Figs. 1 and 4, slots 1) , although all viral mRNAs seem to be present in equimolar amounts (28) . The underrepresentation of the viral G protein precursor in the translation products might also be due to mRNA degradation. Another possibility is that specific conditions are necessary for the translation of the G protein mRNA which are not met by the in vitro systems. This latter possibility is supported by the findings that mRNA (14) The three different cell-free systems reproducibly synthesized a nearly identical pattern of discrete proteins not corresponding in size to the major viral proteins (Fig. 1, slots 3 , 5, and 7). These proteins were also produced in the coupled transcription-translation reaction (Fig. 4, slots 3 and 6) , and might be the products of premature termination during the transcription and/or the translation process. An intriguing possibility is that these polypeptides are viral proteins which are modified or prematurely terminated at defined signals on the mRNA molecules, having a function in the virus life cycle. This possibility is supported by the observation that polypeptides with the same electrophoretic mobility are present in extracts of VSV-infected cells, although in lesser amounts than are produced in vitro (M. Breindl and J. J. Holland, unpublished).
An interesting result is the finding that the protein products after short (30 min, i.e., shortly after the end of the lag period, Fig. 3 ) and long (150 min) periods of coupled transcription and translation in the Krebs II ascites extract are identical (Fig. 4 , slots 5 and 6). Similar results were obtained with the wheat embryo extract (not shown). This shows that the transcription of at least three, and possibly four, of the five viral mRNAs initiates early in the reaction. However, more knowledge about the nature of the initial lag period (see below) as well as other parameters of the reaction is necessary to definitely decide whether there is synchronous or sequential transcription of the individual viral mRNA molecules.
A major characteristic of the coupled transcription-translation reaction is the 15-to 30-min lag phase in protein synthesis (Fig. 3) , which is not seen for mRNA transcription (Fig. 2a) . The cause for this lag period is not known. However, it can be calculated from the incorporation of radioactive ribonucleoside triphosphates of known specific activity into the in vitro product RNA that the VSV polymerase achieves 1-to 2-fold net RNA synthesis in 1 hr (compare Fig. 2a ). Since most of the particles of a virus preparation are active in RNA transcription (13) , 30-60 min are required to synthesize one genome equivalent of the virus (7), and it seems possible that the major portion of the lag period reflects the time necessary to complete and release the individual mRNA molecules. The coupled in vitro transcriptiontranslation system characterized in this publication provides a most useful tool to study this and other problems of VSVspecific protein synthesis.
